High-pressure methods have been demonstrated to be efficient in providing new routes for the synthesis of materials of technological interest. In several molecular compounds, the drastic pressure conditions required for spontaneous transformations have been lowered to the kilobar range by photoactivation of the reactions. At these pressures, the syntheses are accessible to large-volume applications and are of interest to bioscience, space, and environmental chemistry. Here, we show that the short-lived hydroxyl radicals, produced in the photodissociation of water molecules by near-UV radiation at room temperature and pressures of a few tenths of a gigapascal (GPa), can be successfully used to trigger chemical reactions in mixtures of water with carbon monoxide or nitrogen. The detection of molecular hydrogen among the reaction products is of particular relevance. Besides the implications in fundamental chemistry, the mild pressure and irradiation conditions, the efficiency of the process, and the nature of the reactant and product molecules suggest applications in synthesis.
• high-pressure chemistry • photocatalysis
The application to molecular systems of suitable external pressures causes a density increase that determines a strengthening of the intermolecular interactions leading first to changes in the aggregation state of the material, and then to crystalline phase transitions (1) . Upon further compression, the possible overlap of the electronic density of nearestneighbor molecules can also trigger a complete reconstruction of the chemical bonds, giving rise to new materials in some cases recoverable at ambient conditions (2). After the pioneering work on the pressure-induced polymerization of cyanogen (3) and acetylene (4) crystals, several simple molecular crystals have been reported to react upon application of suitable external pressure, giving rise to high-quality polymeric (5-7) and amorphous (8-10) materials of potential technological interest. These transformations require pressures from several to 100 GPa, as in the nitrogen case (7), but the reaction threshold pressure has been successfully lowered in almost all of the unsaturated hydrocarbons studied so far by a photoactivation of the high-pressure reactions (11). In some cases, an increasing selectivity (5) or the opening of new reaction paths (12) is also observed. These syntheses are appealing because only physical methods are used, thus representing an interesting perspective for a green chemistry (13).
The mechanisms governing the photoinduced reactivity of molecular systems derive from the structural and charge density distribution changes after an electronic transition. In general, the excited molecule is characterized by a reduced binding order that determines molecular bonds stretching, a lowering of rotational and torsional barriers, an increase in the polarity, and even dissociation and ionization. These species can be particularly aggressive from a chemical point of view and, depending on their lifetime and free mean path, can trigger and propagate a reaction (14). It is therefore evident that these reactions become more and more relevant with increasing pressure because the increasing density of the materials results in reduced intermolecular distances that favor the interaction between excited and ground-state molecules. The efficiency of these processes is also attested to by several reactions occurring in pure condensed unsaturated hydrocarbons triggered by 2-photon (TP) excitations realized with cw (continuous wave) low-power laser sources that, because of the small cross-section of TP transitions, ensure catalytic amounts of excited species (5, 6, 12, 15).
Among simple molecular systems, water is of primary importance because of its abundance on the Earth's surface and because it is the most abundant polyatomic molecule in the visible universe (16). In addition, chemical reactions taking place in liquid water are essential for many processes in environmental science and biology. The photodissociation of water is the principal step in many chemical reactions occurring in the Earth's atmosphere, in planets, comets, or other space environments. Absorption of vacuum UV (VUV) photons can give rise to single and multiple ionization with the formation of neutral and ionic fragments, either in the ground or in the excited states, able to trigger many chemical reactions.
Photoreactions in gas mixtures containing CO, CO 2 , CH 4 , NH 3 , N 2 , and H 2 O [components of the primitive Earth atmosphere (17, 18)] have been studied to investigate the photochemical abiotic formation of bioorganic compounds (19). The high-energy photons (λ < 185 nm) used in these experiments should simulate the solar irradiation in planetary or primitive Earth environments. The choice of these drastic irradiation conditions is dictated by the energies required to excite, and eventually dissociate, these simple molecules. More than 10.5 eV (118 nm) is necessary to dissociate at ambient pressure the triple bonds of N 2 and CO for the generation of the precursors of bioorganic compounds (20). Slightly lower energies are required for photogeneration of OH and H radicals from water molecules. For instance, evidence for radical formation has been reported in 1-photon (184.9 nm) absorption experiments (21). Photolysis at 184.9 nm in low-pressure gaseous CO/H 2 O mixtures has been used to explain the presence of methane in the Martian atmosphere (22). Mixed ices containing H 2 O and CO (23) or C 2 H 2 (24) irradiated at 10 K with wavelengths <120 nm produce small amounts of CH 3 OH, H 2 CO, and CO 2 , in addition to some CO and CH 4 in the case of C 2 H 2 .
Despite these important results, studies employing lower-energy photons, where the solar radiation is peaked, are almost missing. Two-photon absorption experiments (281-286 nm) have shown the formation of OH and H radicals (25), suggesting the possibility of using lower-energy photons to generate radicals through multiphoton absorption processes. In this respect, the high-pressure photodissociation of water is of particular relevance because it could occur with much lower irradiation energies because of the red shift of the electronic transitions with pressure, whereas the higher density could increase the efficiency of the OH and H radicals as reaction initiators. The irradiation of water under high pressure is an almost unexplored topic despite the fact that these conditions are encountered in nature and have been invoked (catastrophic meteoritic events) as possible causes of the origin of life on Earth (26). Cleavage of the water molecule with the formation of an O 2 -H 2 alloy is reported >2.5 GPa in ice by using X-ray photons (≈10 keV) (27).
Here, we report experiments in which we successfully used near-UV radiation (350 nm) to dissociate water molecules at moderate pressures through TP absorption processes. The generated OH and H radicals trigger the reaction in a nitrogen/water fluid mixture and in a carbon monoxide clathrate hydrate.
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Results
N 2 /H 2 O Mixture.
After loading, at pressure <1 GPa, the N 2 /H 2 O mixture appears as a 2-phase heterogeneous system (see Fig. 1 ). Raman spectra could be measured with a spatial resolution of ≈5 µm, thus allowing the in situ characterization of the material. The fluid phase is essentially composed of pure nitrogen because only the band relative to the N-N stretching mode is detected. In contrast, the solid phase presents a doublet in the same region of the Raman spectrum, allowing for its identification as a nitrogen clathrate hydrate crystal (28). The sample is irradiated for 1 h, between 0.6 and 0.9 GPa, by using 500 mW of the 350-nm Ar + laser line focused to a spot of ≈150 µm in diameter to match the sample dimension. Neither changes in the sample appearance nor new bands in the Raman spectra are detected after the irradiation, thus indicating the chemical stability of the clathrate under these conditions. The clathrate is reported to be stable at ambient temperature down to 0.14 Gpa, where it decomposes (29). The pressure is lowered down to 0.1 GPa observing the clathrate decomposition and the obtainment of a 2-fluid phase system. The Raman spectra indicate that the smaller phase of the sample (labeled c in Fig. 1 ) is essentially composed of water, whereas the largest one is composed of nitrogen. A new homogeneous irradiation (500 mW, 3 h) of all of the fluid sample gives rise to remarkable changes in the sample appearance: Some bubbles form in the nitrogen-rich region, whereas the extension of the water region reduces. Samples of pure water or nitrogen are also irradiated under the same P-T-hν conditions, but no changes are detected either by visual observation or by the Raman spectra.
View larger version:
• In this page In Fig. 2 we report the Raman spectra measured after each irradiation cycle performed at 0.1 GPa in the fluid sample. The spectrum measured in the water-rich region presents only 3 new peaks between 2,080 and 2,160 cm −1 , likely ascribable to the nitrogen stretching of N 2 -H 2 O complexes. Evidence of a chemical reaction is gained by the analysis of the bubbles. New sharp peaks are observed at 589, 871, and 940 cm −1 , whereas a broad band of variable intensity and frequency depending on the sample region is observed between 1,550 and 1,580 cm −1 . After a new irradiation cycle of 5 h, performed in the nitrogen rich phase by focusing 200 mW to a spot of 40 µm in diameter to increase the power density by approximately a factor 6, the intensity of the 589 cm After the last irradiation, the sample is monitored for several hours by measuring the Raman spectrum of different regions without observing any change in the reaction products composition. Also, the pictures collected show a sample appearance unchanged with respect to the conclusion of the irradiation. Therefore, we can conclude that the chemical species formed under irradiation do not further react or transform back to the reactants.
CO/H 2 O Mixture.
As for N 2 /H 2 O, the samples of CO/H 2 O mixtures appear inhomogeneous after the loading. Crystals of variable dimensions coexist with a homogeneous transparent region formed by fluid CO (see Fig. 3 ). The crystalline fraction presents a Raman spectrum characterized by a doublet in the fundamental CO stretching region. This spectrum closely resembles that reported in Fig. 1 for the N 2 /H 2 O mixture and assigned to the clathrate hydrate (28). In analogy with the nitrogen case, and considering that both the components of the mixture should be fluid at these P-T conditions, we can confidently assign this spectrum to the CO clathrate hydrate. The formation of carbon monoxide clathrate hydrate is reported to take place more easily than the nitrogen clathrate hydrate (31), but its stability conditions are known only at ambient pressure (32). In contrast to the observation for the N 2 /H 2 O mixtures, the reactivity of the CO/H 2 O mixture under irradiation is observed also in the clathrate hydrate crystal. For this reason, all of the different experiments have been performed between 0.4 and 0.6 GPa in the heterogeneous phase.
View larger version:
• In this page Raman characterization of the CO/H 2 O mixture. The photomicrograph illustrates the CO/H 2 O mixture at 0.6 GPa after the loading. The Raman spectrum of the fluid phase shows that it is mainly composed of CO. The spectrum of the solid fraction presents a doublet as observed in the nitrogen clathrate hydrate (28), thus allowing its identification as a carbon monoxide clathrate hydrate.
Compressed CO is reported to react at quite low pressure especially under irradiation (33). To understand the role of water in the reaction, we have performed different experiments to distinguish the reactivity of pure CO from that of the CO/H 2 O mixture and to separate the effect of pressure from that of laser irradiation (Fig. 4) . FTIR spectra reveal the formation of a very small amount of CO 2 in the mixture left for >80 h at ≈0.5 Gpa, avoiding any irradiation of the sample. The amount of CO 2 is considerably larger when pure CO is exposed at the same pressure for 3 h to 100 mW of the 350-nm laser line focused to a 150-µm diameter focal spot, despite the fact that it is reported to react under irradiation at ambient temperature only for T >3.5 GPa (33). No bubbles form in the sample after the irradiation, but traces of a brownish solid product are observed. In contrast, dramatic changes in the sample aspect take place when the CO/H 2 O mixture is irradiated under the same conditions of pure CO, clearly evidencing the active role of water in the photoinduced reactivity. Several bubbles are observed in the transparent region of the reacted sample that also presents a large area covered by a brownish solid material (see Fig. 5 ). A much larger amount of CO 2 is produced during the irradiation, whereas the water progressively disappears. In fact, the characteristic water broad bands (≈800, 1,600, and 3,250 cm −1 ) almost vanish after 8 h of irradiation (see Fig. 4 ).
• In this page • In a new window The Raman spectra measured after these irradiation cycles show a very strong fluorescence background, due to the dark solid product, that prevents the detection of any product band but the CO 2 ν + peak, the high-frequency component of the Fermi resonance doublet ν 1 ;2ν 2 at 1,360 cm −1 . For this reason, we have performed shorter cycles (10-30 min), under the same irradiation conditions, measuring after each cycle the Raman spectrum of the bubbles that are the major components of the transparent regions. With this approach, after a few minutes of irradiation, we are able to detect, besides CO 2 , also the formation of H 2 , revealed by the appearance of the 4 Raman rotational bands (S 0 (0)-S 0 (3)), whereas the CO band (stretching mode) at 2,135 cm −1 simultaneously decreases (see Fig. 5 ).
The dark material formed during the reaction is recovered at ambient pressure, and some hints about its composition can be derived from the IR spectrum reported in Fig. 6 . The spectrum is quite similar to that measured in ref. 33 on the material recovered by the pressure induced reaction of pure CO and then exposed to the atmosphere. Remarkable here is the intensity of the bands relative to C-H bending and stretching modes.
• In this page IR spectrum of the recovered solid material from the CO/H 2 O reaction. The spectrum has been measured after the complete release of the pressure. An assignment of the most significant absorption bands is also reported.
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Discussion Both the N 2 /H 2 O and CO/H 2 O compressed mixtures exhibit a remarkable reactivity under irradiation with the 350-nm laser line. In contrast, the pure components are stable (N 2 and H 2 O) or show a moderate instability (CO) under the same P-T-hν conditions. These results indicate the active role of water in triggering the photochemical reaction. The absorption spectrum of water has been recently measured between 6.0 and 11.0 eV by synchrotron radiation (34). Three absorption bands centered at 7.447, 9.672, and 10.011 eV have been assigned to the transitions from the X̃ ( In our experiments, the employment of the 350-nm laser line causes the excitation of the lowest electronic excited state through the symmetry allowed X̃ (
The catalytic amounts of hydroxyl radicals produced in this process are able to trigger the reactions in the mixtures. Despite the impossibility of depicting a precise reaction evolution, all of the products identified from the reaction in the N 2 /H 2 O mixtures suggest the attack of the nitrogen molecule by the OH radical, identified as the active species also in low-temperature photoreactions of mixed ices (37) and point to the incomplete cleavage of the N-N bond. This latter observation agrees with the results of VUV photolysis (121.6 nm) studies of ices containing molecular N 2 . These photoreactions appeared indeed inefficient at breaking the N-N bonds (38). At least in the N 2 /H 2 O mixture, the hydrogen atoms seem mainly to recombine to give molecular hydrogen. Much more complex is the interpretation of the reaction in the CO/H 2 O mixture, where the instability of CO can play an active role in the reaction. Despite the considerable amount of hydrogen incorporated by the recoverable solid product as C-H and O-H bonds, the straightforward obtainment of molecular hydrogen after very short irradiation cycles points to a massive participation of water in the reaction.
In conclusion, the present results highlight the role of water as a powerful high-pressure photoactivated reactant and radical initiator able to trigger chemical reactions even with very stable molecules like nitrogen. High pressure, through a fine and effective tuning of intermolecular distances, permits the activation of the reaction at ambient temperature with near-UV photons. Water quantitatively transforms during these processes, and, among the reaction products, the synthesis of hydrogen is highly relevant. Hydrogen has been considered the energy vector of the future, but at present, ≈95% of the hydrogen production comes from nonrenewable sources such as natural gas, oil, and coal, thereby making alternative synthetic methods and hydrogen-renewable sources in great demand (39). The mild pressure and irradiation conditions used in this work suggest an eventual route to the synthesis of molecular hydrogen from compressed water-enriched air. In fact, the pressure and temperature conditions in which the reaction occurs are currently used in industrial reactors, making feasible, from a technical point of view, the extension of this synthetic method to large-volume apparatuses.
Methods
A membrane diamond anvil cell (MDAC) equipped with Iia-type diamonds was used to pressurize the mixtures. A rhenium gasket of ≈150 µm in diameter and 45 µm in thickness was used to contain the samples. The mixtures were loaded by separately condensing H 2 O and CO or N 2 (≥99.99%) onto the diamonds while the cell was mounted on the cold tip of a close-cycle cryostat. The deposition was realized through a capillary, placed at ≈2 mm from the diamond's surface, connected through a flange to a deposition line that was pumped several hours before starting the cooling of the cell. Water was condensed at T <120 K by using helium as gas carrier. CO or N 2 were then condensed when the temperature reached ≈30 K. The deposition steps could be visually followed by observation through a microscope, and the relative amounts could be roughly adjusted. Once the sample region was completely covered by the crystalline sample, the cell was screwed and helium pressure applied in the membrane to seal the sample. The temperature was then raised by keeping the membrane pressure constant. Infrared and Raman spectra were used to check the sample purity. The pressure was measured by the ruby fluorescence method. The high-pressure reactions were triggered by focusing the UV multiline emission of an Ar ion laser (350 nm) onto the sample with power ranging from 50 to 610 mW, taking care to homogeneously irradiate the whole sample. FTIR absorption measurements were performed with a Bruker-IFS 120 HR spectrometer modified for high-pressure measurements (40, 41). The instrumental resolution was 1 cm −1 . Raman spectra were measured in a back-scattering geometry by using 40-250 mW of the 647.1-nm line of a Kr + laser. The scattered light was dispersed by a single-stage monochromator (900 grooves per millimeter) and analyzed by a CCD detector with a resulting instrumental resolution of 0.7 cm −1 .
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